A full-field, transmission x-ray microscope ͑TXM͒ operating in the energy range of 7-11 keV has been installed at the U7A beamline at the National Synchrotron Radiation Laboratory, a second generation synchrotron source operating at 0.8 GeV. Although the photon flux at sample position in the operating energy range is significantly low due to its relatively large emittance, the TXM can get high quality x-ray images with a spatial resolution down to 50 nm with acceptable exposure time. This TXM operates in either absorption or Zernike phase contrast mode with similar resolution. This TXM is a powerful analytical tool for a wide range of scientific areas, especially studies on nanoscale phenomena and structural imaging in biology, materials science, and environmental science. We present here the property of the x-ray source, beamline design, and the operation and key optical components of the x-ray TXM. Plans to improve the throughput of the TXM will be discussed.
I. INTRODUCTION
The development of high brilliant x-ray sources coupled with advances in x-ray optics has led to significant improvements in high resolution x-ray microscopy in past decade. Two-dimensional images resolved down to 15 nm have been achieved in soft x-ray region. 1 Recently, high resolution x-ray microscopy has extended to operation at higher x-ray energies ͑hard x ray͒.
2-7 A first order lateral resolution below 40 nm has achieved in the range of 7-18 keV. 6 This extension enables imaging much thicker samples and fully utilizing x-ray microscopy's unique capability of nondestructive three-dimensional ͑3D͒ imaging of many types of objects, such as microelectronic devices and biological specimens. To overcome the reduction in absorption image contrast, a natural result of increasing penetration, phase contrast imaging has been developed in recent years for x-ray microscopy, which is substantially higher than absorption contrast. 3, [8] [9] [10] [11] [12] [13] [14] [15] With phase contrast, x-ray microscopes such as the transmission x-ray microscope ͑TXM͒ can be used to image thicker biological samples in their natural environment or used in study of environmental science and materials science.
Recognizing the importance of the powerful capability of x-ray microscopy for a broad range of applications, we have developed an x-ray microscopy facility at National Synchrotron Radiation Laboratory ͑NSRL͒ that consists of a source, a beamline, and a commercial x-ray microscope designed specifically for our x-ray source and beamline. The exposure time for the TXM is relatively long due to the large emittance of the source. However, good quality x-ray images can be obtained within a few minutes and improvements in beamline optics can be made to improve throughput significantly.
II. TXM SYSTEM
The TXM consists of an x-ray source, beamline providing monochromatic x-rays to the TXM, and a commercial TXM designed specifically for the x-ray source and beamline.
A. X-ray source and beamline
The NSRL synchrotron operates routinely at 0.8 GeV electron energy with a maximum current of 250 mA. Its emittance is 160 nm mrad compared to 8.2 nm mrad for a typical third generation source such as the Advanced Photon Source at Argonne National Laboratory. The NSRL synchrotron is designed to produce mainly radiation in vuv and soft x-ray region. To produce multi-keV x rays, a 6T superconducting wiggler was installed at the electron storage ring, producing radiation with sufficient brightness and flux in energy range of 4-12.4 keV.
An existing beamline ͑U7A at NSRL͒ was selected to install the TXM, purchased from Xradia, Inc. The beamline was designed with simple optical system in order to provide the maximum output at a given energy resolution with an acceptable cost. The optical layout of the beamline is schematically shown in Fig. 1 . This beamline accepts a beam of 3 mrad͑H͒ ϫ 0.1 mrad͑V͒ defined by an entrance slit b. A Si͑111͒ double crystal monochromator ͑DCM͒, similar to the ones which were used successfully for x-ray-absorption fine structure and x-ray diffraction beamlines, 16, 17 tunes the x-ray energy from 4 to 12 keV. Its energy resolution is better than a͒ Electronic mail: ychtian@ustc.edu.cn. 3 ϫ 10 −4 which far exceeds the minimum energy resolution requirement of the objective zone plate in the TXM. 18 The exit slit e will serve as the effective virtual source for the TXM.
Two key x-ray beam parameters are important to the performance of the TXM. The first one is the x-ray flux which determines the exposure time. The second is the energy resolution, which needs to be greater or equal to the minimum energy resolution required by the objective zone plate lens in the TXM to keep the chromatic aberration acceptable.
The output photon flux at sample position 19 and energy resolution of the DCM ͑Ref. 20͒ was calculated by using formulas ͑1͒ and ͑2͒, respectively,
where N ͑photons/ s / eV/ mrad͒ is the photon flux of the wiggler source, ⌬E is the intrinsic band width of the Bragg reflection, h ͑mrad͒ is the horizontal angular accepted by the crystals, s is the transmission efficiency of slit, and is the efficiency of the optical system.
where is the Bragg angle, s is the accepted angular defined by the entrance slit, SR is the angle determined by SR light source at the crystal, and c is the rocking curve width of the double crystals. The calculated output photon flux and energy resolution are shown in the Fig. 2 . The x-ray flux and the energy resolution of the U17A beamline were measured and the measured results are shown in Fig. 3 . The results agree well with the design requirements. It shows clearly that photon flux is 3.5 ϫ 10 9 photons/ s at beam size of 12ϫ 13 mm 2 . Moreover, the energy resolution is better than 2.5 eV at Cu K-edge, 8.979 keV.
B. Transmission x-ray microscope endstation
The TXM system was designed by Xradia. The general optical layout of the TXM is schematically shown in Fig. 4 . The overall optical layout of the TXM is similar to the visible light microscope: the beam is downstream condensed onto the sample and a magnified image is formed by an objective lens onto a charge coupled device detector. The two key optical elements of the TXM are the condenser and the zone plate objective lenses. [21] [22] [23] [24] An elliptically shaped capillary 25 is used as the condenser. Properly coupled with a beam stop and a pinhole aperture, it focuses a hollow central cone illumination into the sample and the objective zone plate. The focusing efficiency of the capillary condenser is near to 90%, which is significantly greater than that of zone plate condensers used in other existing x-ray microscopes, typically of about 10%.
A zone plate consists of concentric zones with alternating optical refractive indexes. The distribution of the zones in the zone plate alters an incident wavefront in such a way that the beam emerging from the zone interferes constructively at the focus of the zone plate. The wavefront alteration is obtained by either attenuation or phase shift of the incident wave by neighboring zones. The phase retardation depends on the given optics thickness and the x-ray energy. The used objective zone plate is made by electroplating gold on silicon nitride. For example, to give a retardation of about / 2 at 8 keV, the thickness of the gold is 1.4 m. In addition, the focusing efficiency of first order diffraction is above 10%. To cover the range of 7-11 keV, three matched sets of x-ray condenser and zone plate were used at 7-8, 8-9, and 9-11 keV, respectively. They provide constant geometric magnification at fixed detector position. In addition, one extra condenser and zone plate coupled with a phase ring provide Zernike phase contrast mode at 8 keV. Another zone plate optimized at 8 keV provides a large field of view with 60 ϫ 60 m 2 at resolution around 100 nm.
The Rayleigh resolution ␦ of the microscope is depended 
where dr is the outermost zone width of the zone plate and m = 1 , 3 , 5 , . . . is the diffraction order. Thus a zone plate with a finer outermost zone width would expectantly be adopted to improve the spatial resolution. Moreover, m times better spatial resolution would be achieved using a higher diffraction order m, but it will take m 2 times exposure time since the diffraction efficiency is proportional to 1 / m 2 . Using a zone plate with 45 nm outermost zone width, we expect to achieve a spatial resolution of 55 nm in the first diffraction order in our system.
A prealignment system and kinematically mounted sample holder are available for samples of up to a few microns. This allows regions of interest to be identified and recorded on a standard light microscope prior to transfer into the x-ray microscope and rapidly aligned to the probe imaging. A four freedom of motion and computer-controlled sample positioning stage offers a mosaic mode which can provide large field and high resolution image montages; as well as a tomography 27 mode which can also take tomographic images. This technology is useful for imaging sample with large field of view or 3D internal structures.
III. PRELIMINARY RESULTS
An electroplated gold spoke pattern was used to test the spatial resolution of this microscope at 8 keV. Figure 5͑a͒ shows the absorption contrast image of the spoke pattern in the first diffraction order. The visibly resolved 50 nm finest linewidths at the center indicate the achievement of the theoretical 55 nm spatial resolution with a 15ϫ 15 m 2 field of view. The image was 2 ϫ 2 binned before background subtraction and exposed 240 s to get good signal-to-noise ratio.
The phase ring is made of Au with a 2.4 m thickness and 4 m width. When it is installed at the back focal plane of the objective zone plate at 8 keV, the phase ring can provide a negative Zernike phase contrast. The matched con- denser is designed to deliver a hollow cone beam which would fill 17% area of the objective zone plate. This would reduce the exposure time especially of the phase sensitive sample in the high x-ray energy. The test of the capability of the Zernike phase contrast is shown in Fig. 5͑b͒ , a Zernike phase contrast image of the spoke pattern in the first diffraction order. The Zernike phase contrast is calculated according to the criterion of Michelson visibility ͑I max − I min ͒ / ͑I max + I min ͒. Based on Fig. 5 , the calculated absorption contrast is ϳ20% while the Zernike phase contrast is ϳ45%. We have also investigated a skin tissue sample of the rabbit. However, radiation damage to the tissue during the experiment leads to the shrinkage and distortion which causes sample motion, and thus blurring the images. We show an application of the x-ray tomography in imaging an integrated circuit ͑IC͒ in Fig. 6 . The 71 projections of IC chip were automatically collected from −70°to +70°in the 2°intervals at 8 keV x-ray energy. A standard filteredback-projection algorithm 27 was applied to reconstruct the tomographic data. Figure 6͑a͒ shows a single projection image of a typical field of view of the IC structure. Although it is possible to see numerous overlapping layers, it is difficult to distinguish the precise boundaries of these multilayers. However, tomographic reconstruction retrieves the 3D information and reveals the volume structures of the complex IC structure. Figures 6͑b͒-6͑e͒ are several computer-generated sections through a tomographic reconstruction of the raw data. Figure 6͑f͒ presents the volume rendered view of the reconstructed data.
IV. CONCLUSION AND DISCUSSION
We have implemented a new transmission hard x-ray microscope with a 50 nm spatial resolution for synchrotron radiation. The TXM has demonstrated two-dimensional images in both absorption contrast and Zernike phase contrast modes. Using x-ray tomography, we have successfully observed the volume structure of an IC chip. During the tomography experiment, the gradual current decrease in the incident beam leads to the differences of exposure dose between the tomographic images. A software update will be used to modify the exposure time according to the incident beam with an ion chamber to provide each image with similar exposure dose and signal-to-noise ratio. In order to investigate biological samples in Zernike phase contrast mode, a rigid sample mounting method as well as good temperature control environment will be considered to avoid the thermal drift. A stacked zone plate with improved efficiency 28 will also be adopted to reduce the cost of tomography exposure time, and the Ge crystals are used to replace the Si crystal to produce more than two times of phone flux at reasonable energy resolution.
